This work reported a novel approach to synthesize phytosterol (ˇ-sitosterol as a model) fatty acid esters by employing Candida antarctica lipase A (CAL A) which shows a superior catalytic activity to other lipases. A series of ˇ-sitosteryl fatty acid esters (C2-C18) have been successfully prepared with structural identification of products by 1 H NMR and Fourier transform-infrared spectroscopy (FTIR). Compared to other immobilized lipases, CAL A achieves 6-14 times faster esterification of ˇ-sitosterol with myristic acid. CAL A shows low activity toward short chain fatty acids (C2-C6), and remarkably high activity for medium and long chain ones (≥C8). Reaction time, temperature, enzyme load, substrate ratio and concentration, and solvent property are found to profoundly influence reaction rates. A pronounced correlation between enzyme activities and log P values of solvents, among the solvents with a broad spectrum of log P values, was observed. 93-98% yield of ˇ-sitosteryl esters could be achieved with hexane as solvent, fatty acid (C8-C18)/ˇ-sitosterol (1:1, mol:mol), 5-10% CAL A load at 40-50
Introduction
Phytosterols are numbers of triterpene family, particularly C29-and C28-sterols consisting of a steroid skeleton with a hydroxyl group attached to the C-3 atom of the A-ring and an aliphatic side chain attached to the C-17 atom of the D-ring (see ˇ-sitosterol as a representative structure in Fig. 1 ). Phytosterols have found a variety of applications in: (1) pharmaceuticals for production of therapeutic steroids [1] ; (2) nutrition and functional foods by means of anti-cholesterol property [2] , anti-cancer properties, anti-inflammatory, anti-artherogenicity activity, antioxidative activities [3] [4] [5] [6] [7] and anti-osteoarthritic properties [8] and (3) cosmetics as surfactants in creams and lipstick [9] . Recently, phytosterol products have been added into various commercial foods and drink products as a cholesterol-lowering agent [2, 10] such as butter [11] , low-fat yoghurt [12] , low fat spreads, mayonnaise/salad dressing, cereal bars, chocolate, bakery products [13] , milk [12, 14] , yoghurt minidrinks [15] , orange juice [13] and beverage [16] . Abumweis et al. [13] suggested that the incorporation of phytosterols into spreads, mayonnaise/salad dressing, milk/yoghurt, was associated with a greater efficacy in LDL-cholesterol reduction than incorporation into other foods, suggesting the important role of the food matrix affecting the cholesterol-lowering property of phytosterols. The US Food and * Corresponding author. Tel.: +45 8715 5528; fax: +45 86123178.
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Drug Administration and the European Union Scientific Committee have thoroughly reviewed the safety of phytosterols before being used in functional foods [2] .
Natural phytosterols have a low solubility in both water and fat, thus result in a poor intestine absorption [17] . For example, 50% of cholesterol entering the intestinal lumen can be absorbed whereas the absorptions of campesterol, ˇ-sitosterol and ˇ-sitostanol are in the ranges of 10-15%, 4-7% [18, 19] and less than 1% [20] , respectively. Hence, the effective dose of phytosterols is much high up to 25 g/day [21] . To improve the intestinal absorption and bioavailability of phytosterols, a feasible solution is to convert phytosterols into enzyme-liable lipophilic derivatives, such as fatty acid esters [22] . Miettinen and Vanhanen [22] have proved that that fat-soluble plant steryl and stanyl esters were able to lower plasma cholesterol level more efficiently than the corresponding homogenized crystalline plant sterol and stanol preparations.
Technical processes of chemical esterification or transesterification presently used for the preparation of steryl esters are generally performed at high temperature in the presence of chemical catalyst, accompanying with high energy consumption, browning of products and low selectivity [23] . As an alternative, enzymatic preparation of steryl esters has also been reported [24] . Lipases from Candida rugosa (lipase AYS), Rhizomucor miehei (Lipozyme TL IM), Pseudomonas sp. (lipase AK), Aspergilus niger (lipase AS), Candida antarctica B (CAL B) and Alcaligenes sp. (lipase QLM) have been used as biocatalysts [25] [26] [27] [28] . In fact, the yields of phytosteryl esters catalyzed by those enzymes were generally low with longer reaction time. Vu et al. [27] of ˇ-sitosteryl esters of medium chain fatty acids (C6:0-C12:0), where AYS (from C. rugosa) was found to be the most effective to achieve 40.3% yield of ˇ-sitosteryl laurate in 48 h. Villeneuve et al. [25] obtained 85% yield of canola phytosterols of oleic acid in 72 h employing C. rugosa lipase as a biocatalyst. Albeit these progresses, developing more efficient reaction approach is still of academic and practical interests. C. antarctica lipase A (CAL A) is reported to have specific activity to accept highly branched acyl groups and sterically hindered alcohols as substrates [29] . This specificity of CAL A is of great interest for acylation of phytosterols which have a secondary alcohol and a bulky structure; however, to date employing CAL A as biocatalyst for acylation of phytosterols has not been investigated systemically. Thus, this work attempts to systemically examine the ability of CAL A in catalyzing acylation of phytosterols using ˇ-sitosterol as a model substrate. The effects of enzyme concentration, substrate molar ratio, reaction temperature and time, and polar/non-polar organic solvents were intensively investigated. Primary results from this study indicate that the CAL A is able to achieve 6-14 times efficiency for synthesis of ˇ-sitosteryl fatty acid esters higher than most commercial immobilized lipases. The formation of ˇ-sitosteryl esters with different fatty acids (C2-C18) was confirmed by 1 H NMR and Fourier transform-infrared spectroscopy (FTIR).
Materials and methods

Lipases and chemicalš
-Sitosterol, acetic acid (C2:0), butyric acid (C4:0), hexanoic acid (C6:0), octanoic acid (C8:0), decanoic acid (C10:0), lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0) and stearic acid (C18:0) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Immobilized lipase C. antarctica lipase A, NZL-101 (CAL A) was purchased from Codexis, Inc., (Pasadena, CA, USA). Immobilized C. antarctica lipase B (CAL B, Lipozyme 435), immobilized Thermomyces lanuginosus (Lipozyme NS-40044 TLL) and immobilized T. lanuginosus (Lipozyme TL IM) were obtained from Novozymes A/S (Bagsvaerd, Denmark). All solvents such as acetone, acetonitrile, butanone, chloroform, ethyl acetate, n-propanol, n-hexane and nheptane were of HPLC grade and obtained from Sigma-Aldrich (St. Louis, MO, USA). All the enzymes were used as received; no further treatment has been done.
Lipase catalyzed synthesis of ˇ-sitosterol-saturated fatty acid esters
In a typical reaction, ˇ-sitosterol was mixed with myristic acid (C14:0) at a mole ratio of 1.0:1.0 (mol/mol) at the concentration of 0.2 M in 3 mL hexane in the presence of 10% lipase (wt% of ˇ-sitosterol). Myristic acid was selected as a model saturated fatty acid because of its preferable chain length (>12, belonging to long chain fatty acids), lower melting point (54.4 • C) and better solubility (than palmitic and stearic acids) in many solvents. The reaction was conducted in a 10 mL capped vial at 50 • C for 72 h with agitation at 500 rpm. The reaction was monitored with periodically sample withdrawing. The aliquot was dissolved in 1 mL hexane for HPLC analysis. To assess catalytic efficiency of the lipases from other sources, Lipozyme 435 (C. antarctica lipase B, CAL B), Lipozyme NS 40044 TLL (T. lanuginosus lipase) and Lipozyme TL IM (T. lanuginosus), which have been proven to the most effective enzymes in catalyzing transesterification of steryl esters [30] , were employed as biocatalyst to carry out esterification of ˇ-sitosterol with myristic acid.
Parameterization of CAL A catalyzed synthesis of ˇ-sitosteryl myristate
Parameters considered important for enzymatic synthesis of ˇ-sitosteryl ester in this work are reaction time, temperature, enzyme concentration, substrate ratio, substrate concentration and solvent property.
Effect of enzyme concentration on synthesis of ˇ-sitosteryl myristerate was examined by varying CAL A concentrations from 3% to 30% (wt% of ˇ-sitosterol). The concentrations of both ˇ-sitosterol and myristic acid were 0.2 M with hexane as reaction solvent. The reaction was performed at 50 • C with agitation at 500 rpm for up to 72 h. The reaction was monitored with periodically sample withdrawing and HPLC analysis.
Examination of the effect of mole ratio of myristic acid/ˇ-sitosterol was carried out similarly as for enzyme concentration, but the concentration of CAL A was fixed at 5%, and mole ratio of myristic acid/ˇ-sitosterol varied from 5/1 to 1/1. The reaction was monitored with sample withdrawing at the set time and HPLC analysis.
Likewise, examination of the effect of reaction temperature was performed with varied temperature from 30, 40, 50 to 60 • C, while other conditions were 0.2 M ˇ-sitosterol and myristic acid in hexane, 5% enzyme load, and agitation at 500 rpm. The reaction progress was monitored with periodically sample withdrawing at the set time; and the aliquots were properly diluted in hexane for HPLC analysis.
Acetone, acetonitrile, butanone, n-hexane and n-heptane, chloroform, methyl tert-butyl ether (MTBE) and toluene with varied log P values were selected for evaluation of the effects of solvents. The reaction was conducted at 40 • C, 0.2 M ˇ-sitosterol and myristic acid, 5% CAL A (wt% of ˇ-sitosterol), agitation at 500 rpm. The reaction progress was monitored by sampling at desired time.
Effect of substrate concentrations on synthesis of ˇ-sitosteryl myristerate was studied by varying concentrations of ˇ-sitosterol and myristic acid from 0.05 to 0.5 M (the mole ratio of myristic acid/ˇ-sitosterol fixed at 1:1) in the presence of 31.1 mg CAL A (5%, wt% of ˇ-sitosterol at 0.5 M), with hexane as reaction solvent. The reaction was carried out at 50 • C with agitation at 500 rpm for up to 24 h. The reaction was monitored with periodically sample withdrawing and HPLC analysis.
Preparation, purification and structural identification of -sitosteryl saturated fatty acid esters
A series of aliphatic fatty acid esters of ˇ-sitosterol were prepared by a similar procedure as aforementioned with alternating fatty acids (C2:0-C18:0) as substrates to myristic acid. The reaction was typically performed at 40 • C for up to 72 h; the concentrations of ˇ-sitosterol and fatty acid were 0.2 M, with hexane used as a solvent and 5% CAL A (wt% of ˇ-sitosterol) employed. The reaction was monitored with periodically sample withdrawing and HPLC analysis. At the end of the reaction, the reaction was terminated by filtering out the enzyme.
The resulting reaction mixtures were applied to thin layer chromatography (TLC) on silica gel (silica gel 60 F254; E. Merck Co., Darmstadt, Germany) for purification of products. The plates were developed with cyclohexane/ethyl acetate (4:1, v:v). Rf values of ˇ-sitosterol, all saturated fatty acids and newly formed ˇ-sitosteryl esters were 0.03, 0.06 and 0.83, respectively. The band of ˇ-sitosteryl esters was scraped, collected, and extracted by diethyl ether. The ˇ-sitosteryl esters were then collected after diethyl ester was evaporated and subjected to structure identification by proton nuclear magnetic resonance ( 1 H NMR) and Fourier transforminfrared (FTIR) spectroscopy.
The molecular structures of isolated ˇ-stisterol fatty acid esters were identified by 1 H NMR analysis recorded on Varian Mercury 300 MHz NMR spectrometer equipped with an Oxford Instruments Ltd. superconducting magnet (Palo Alto, CA, USA). CDCl 3 was used as a solvent to dissolve samples and tetramethylsilane as the internal standard for 1 H NMR analysis. FTIR analysis of isolateď -sitosteryl ester was performed in a horizontal Attenuated Total Reflectance (ATR) Trough plate crystal cell (45 • ZnSe; 80 mm long, 10 mm wide and 4 mm thick) (PIKE Technology, Inc., Madison, WI) equipped with a Bruker Model Vector 33 FTIR spectrometer (Bruker Co., Ettlingen, Germany). Prior to the analysis, the crystal cell was cleaned with acetone, wiped dry with soft tissue and the background scan was run. For spectra analysis, sample (10 mg/mL in methylene chloride) (10 L) was applied directly onto the crystal cell and the cell was clamped into the mount of the FTIR spectrometer. The spectra, in the range of 4000-400 cm −1 (mid-IR region) with automatic signal gain, were collected in 32 scans at a resolution of 4 cm −1 and were rationed against a background spectrum recorded from the cell with 10 L of methylene chloride at 25 • C. Analysis of spectral data was carried out using the OPUS 3.0 data collection software program (Bruker Co., Ettlingen, Germany).
Reaction quantification by HPLC and statistical analysis
The HPLC analysis of the reaction mixture for synthesis of ˇ-sitosteryl ester was performed on Merck-Hitachi HPLC 7100 system (Merck, Darmstadt, Germany) equipped with a silica 60-column conjugated with an evaporative light scattering detector (ELSD, Alltech (Deerfield, IL)). The ELSD was operated at 40 • C and nitrogen was used as a nebulizing gas at pressure of 2.2 bar and gain 6. The flow rate was 1 mL/min. The column temperature was maintained at 40 • C. The elusion program of mobile phases follows a previous report by Torres et al. [31] . The area is used as weight for quantification calculation. The yield of ˇ-sitosteryl fatty acid ester (mol%) was expressed as the molar percentage of the product ˇ-sitosteryl fatty acid ester of the sum of ˇ-sitosteryl fatty acid ester plus unconverted ˇ-sitosterol. The mole amount of product or unconverteď -sitosterol can be calculated by its area divided by its molecular weight. The data were subjected to analysis of variance (ANOVA). Comparison of means was carried out by Duncan's multiple range tests [32] . Statistical analysis was performed using the Statistical Package for Social Science (SPSS 11.0 for windows, SPSS Inc., Chicago, IL).
Results and discussion
Superior efficiency of CAL A in catalyzing synthesis of steryl fatty acid esters
In a recent work, we have observed the striking efficiency of three immobilized lipases, namely Lipozyme 435 (CAL B), Lipozyme NS-40044 TLL and Lipozyme TL IM in catalyzing alcoholysis of deodorizer distillates (DODs) for recovery of phytosterols [30] . While in some studies CAL A is reported to have extraordinary activity for secondary alcohols [29] . Hence, this work starts with examining the effectiveness of these four lipases in catalyzing synthesis of phytosteryl fatty acid esters using ˇ-sitosterol and myristic acid as model substrates (Fig. 2) . As shown in Fig. 2 , it is clear that CAL A shows remarkably higher efficiency than the other three lipases, which achieves 93.3% yield of ˇ-sitosteryl myristate in the first 24 h; while Lipozyme 435, Lipozyme NS-40044 TLL and Lipozyme TL IM only achieve a corresponding yield of 6.5%, 11.8% and 15.5%, respectively. Based on the above data, it is concludable that CAL A exhibits over 6-14 times faster than the other three immobilized lipases (The actually initial reaction rate of CAL A may be even over 6-14 times higher than the other three lipases because the other three enzymes achieve <20% in 24 h which is in a liner range of conversion vs time; while CAL A already achieves >90% which is out of the linear range). Even though with reaction time prolonged to 72 h, Lipozyme TL IM only achieves a yield of 40.8%, Lipozyme NS-40044 TLL 32.8% and Lipozyme 435 20.4%, respectively; while CAL A further enhanced to 95.5%. The observed results of the other three immobilized lipases in this work agree with previous reports [23, 27, 29] . For instance, lipase AYS (from C. rugosa) catalyzed synthesis of ˇ-sitosteryl laureate in hexane the yield for 48 h was reported to be 40.3% [27] ; and the observed yield of -sitosteryl laureate catalyzed by Novozym 435 (CAL B) was 79.3% while the reaction time added up to 96 h [23] . Clearly, CAL A shows a remarkably superior catalytic property to other known lipases [23, 27, 29] . Thus, CAL A was selected as a central biocatalyst in this work to examine its catalytic behavior in enzymatic synthesis of phytosteryl fatty acid esters.
Synthesis and structural identification of a series of -sitosteryl saturated fatty acid esters
With CAL A as a catalyst, a series of ˇ-sitosteryl aliphatic esters (C2-C18) have been synthesized (Fig. 1) and the results were presented in Fig. 3 . As indicated in Fig. 3 , it is clear that from acetic to octanoic acid the yields of ˇ-sitosteryl esters depend largely on chain lengths of fatty acids. Lower than 5% yield of ˇ-sitosteryl esters of acetic and butyric acids; approximate 38% yield is obtained for hexanoic acid. When fatty acid chain length ≥8, higher than 90% yields of ˇ-sitosteryl esters are obtained but no significant difference can be observed among them (Fig. 3) . Certainly, with the increase of chain length of aliphatic carboxylic acids, some properties of them, such as acidicity (pKa), hydrophobicity (log P) and aqueous solubility, may change accordingly [33, 34] . Acetic and butyric acids are strong organic acids. Most likely the lower activity of CAL A with acetic and butyric acid is because their strong acidity, which may greatly deactivate the enzyme [34] [35] [36] . While hexanoic acid is weaker than as acetic and butyric acids; therefore, the yield of ˇ-sitosteryl ester of hexanoic acid is remarkably higher. After octanoic acid, the acid induced deactivation can no longer be a decisive factor [35] .
Furthermore, the generally excellent activity of CAL A in catalyzing synthesis of ˇ-sitosteryl esters of medium and long chain fatty acids again demonstrated its unique property to accept bulky alcohols (ˇ-sitosterol) and fatty acids [29] . It should also be noted that the catalytic efficiency of CAL A is strikingly higher than previous reports which among the reactions generally lower yields were obtained in even longer reaction time [23, 27] .
Two methods (FTIR and 1 H NMR) have been used to identify the molecule structures of synthesized ˇ-sitosteryl saturated fatty acid esters. Before analysis the pure product was prepared by separation with preparative TLC. The IR absorption spectrum of ˇ-sitosterol shows an absorption at 1710.7 cm −1 which is from C O stretch ( C O H) and absorption bands at 3342.0-3401.7 cm −1 indicating existence of O H (O H stretch). For all ˇ-sitosteryl fatty acid esters there are one absorption at 1710.7 (C O stretch in moiety of ˇ-sitosteryl group) and a strong absorption at 1741.6 cm −1 (C O stretch in moiety of acyl group), indicating an acyl group introduced [37] .
The molecular structures of synthesized products were also identified by individual 1 H NMR analysis and characteristic chemical shifts have been detailed in Table 1 . In 1 H NMR spectrum of all ˇ-sitosteryl esters, the signal at ı 2.0 (1H, br m) disappears indicating-OH was esterified; while the signals at ı 2.22-2.25 (2H, t) and ı 1.61-1.65 (2H, m) indicate the introduction of CH 2 CH 2 CO (Table 1 ). The length of carbon chain can be recognized by the H number of the signal at ı 1.24-1.29 [38] . In all, FTIR and 1 H NMR data confirmed the successful syntheses of a series of -sitosteryl fatty acid esters catalyzed by CAL A. 
Effects of the concentrations of CAL A on synthesis of -sitosteryl myristate
The effect of the load of CAL A on synthesis of ˇ-sitosteryl myristate is presented in Fig. 4A . The increase in enzyme concentrations from 3-30% shows a pronounced correlation with the yield of ˇ-sitosteryl esters (P < 0.05). The time required to reach a maximal yield was greatly reduced with increasing enzyme concentration (P < 0.05). Enzyme load of 30% resulted in a maximal yield within 6 h whereas the enzyme load of 20%, 15%, 10% and 5% resulted in their maximal yields (>90%) at 10, 24, 24 and 24 h, respectively. During the time course of prolongation to 72 h, the yield of ˇ-sitosteryl myristate catalyzed by 5-30% CAL A varied in a narrow range of 93-97% (Fig. 4A) , indicating the equilibrium has been arrived at before 24 h. Obviously for 3% CAL A the equilibrium has not been reached until 72 h. In the absence of biocatalyst, very low concentration of product was detected in the first 12 h but disappeared with the reaction progress, which probably the automatic esterification was reversed (Fig. 4A) .
To evaluate the efficiency of CAL A, the initial reaction rates and specific activities are plotted as a function of enzyme loads (Fig. 4B) . As shown in Fig. 4B , the overall reaction rate increases with increasing concentration of CAL A; however, the specific activity declines as enzyme load increases after 5% of CAL A load. A maximum specific activity was obtained at an enzyme load of 5% (Fig. 4B) . Excellent time-space efficiency is an important index to assess a process for industrial interests [40] . Considering acceptable yield (>93% in 24 h) and better specific activity, 5-10% CAL A load will be a preferable range for the concentration of CAL A. Therefore, 5% CAL A was selected as an optimum concentration for the rest of the study.
Effects of mole ratios of substrates on synthesis of -sitosteryl myristate
The effect of mole ratio of myristic acid/ˇ-sitosterol on the yield of ˇ-sitosteryl myristate is shown in Fig. 5 . At 24 h, the yield of -sitosteryl myristate at the stoichiometric ratio is 93.3%; however the yield decreases significantly to 81.0-86.6% when higher mole ratio of myristic acid (myristic acid/ˇ-sitosterol, 2:1-5:1) is employed (P < 0.05) (Fig. 5) . However, at 72 h the difference of the yields at differing substrate ratios is not as remarkable as at 24 h (Fig. 5) . For example, except for at mole ratio of Fig. 6 . Effects of substrate concentrations on the yield of ˇ-sitosteryl myristate (A) and reaction rate (B). The reaction rate was estimated as the initial velocity at the first 2 h. CAL A-catalyzed esterification of ˇ-sitosterol with myristic acid was performed in a 10 mL vial. The reaction conditions are: substrate concentrations, botȟ -sitosterol and myristic acid varied from 0.05 to 0.50 M; 3 mL hexane as solvent; CAL A load 31.1 mg (5%, wt% of ˇ-sitosterol at 0.5 M); magnetic agitation at 500 rpm; 50
• C and 24 h. Error bars represent the standard deviations of three separate determinations.
(myristic acid/ˇ-sitosterol 2:1), the yield of ˇ-sitosteryl myristate varies from 91.4% to 94.6% with substrate mole ratio varying from 3:1 to 5:1, close to the yield at 1:1. This result seems to be contradictory to the principle of reaction equilibration. From reaction equilibrium point of view, for a 2 reactants reaction, at a specific temperature (the equilibrium is a constant) an increase in the concentration of one reactant will lead to the decrease of the concentration of the other reactant; which means the increase of the ratio of myristic acid (corresponding to the increase of the concentration of myristic acid) should lead to the decrease of the concentration of ˇ-sitosterol when the equilibration is reached Fig. 7 . Effect of reaction temperature on the yield of ˇ-sitosteryl myristate. CAL Acatalyzed esterification of ˇ-sitosterol with myristic acid was performed in a 10 mL vial. The reaction conditions are: substrate concentration: 0.2 M ˇ-sitosterol, and 0.2 M myristic acid; 3 mL hexane as solvent; CAL A load 5% (wt% of ˇ-sitosterol); magnetic agitation at 500 rpm; temperature varied from 30 to 60
• C and 72 h. Error bars represent the standard deviations of three separate determinations. [23] . To explain the phenomenon of increasing myristic acid leading to decreasing conversion of ˇ-sitosterol, we made a literature study about solubility of ˇ-sitosterol and myristic acid and found out their solubilities in hexane at 50 • C are 0.003774 (1.79 g/100 g) and 0.4384 by molar fraction, respectively [39] . However, the applied concentration of ˇ-sitosterol is 0.2 M (11.24 g/100 g) in this work, which means not all ˇ-sitosterol is dissolved. We thus suspect that there are maybe two reasons accounting for the decreasing conversion of ˇ-sitosterol at increasing concentration of myristic acid: (1) increasing myristic acid leads to a decrease of solubility of ˇ-sitosterol in hexane (increasing cloudiness has been experimentally observed at higher concentration of myristic acid), which may delay the time to reach the equilibration. (2) undissolved ˇ-sitosterol influences mass transfer and activity of CAL A. This could well explain why at longer reaction time the yield of the reaction at higher myristic acid can be improved significantly. In short, the result in Fig. 5 suggests that the stoichiometric ratio of myristic acid/ˇ-sitosterol is preferable to achieve maximum conversion of -sitosterol.
Effects of substrate concentrations on synthesis of -sitosteryl myristate
The effects of substrate concentrations on the yield of ˇ-sitosteryl myristate (A) and initial rate (B) are depicted in Fig. 6 . A general observation from Fig. 6A is that the yield of ˇ-sitosteryl myristate decreases as the concentration of substrates increases. No significant difference in terms of the yield of ˇ-sitosteryl myristate is observed at 0.05 and 0.1 M; however, the decrease in the yield of ˇ-sitosteryl myristate against the increase of substrate concentration is being more significant when the concentration is >0.2 M. This is very logical because for a certain concentration of enzyme, the actual reaction rate is somewhat dependent on enzyme concentration and the degree of the enzyme active sites saturated by the substrates. This can be more illustratively explained by the changes of initial rates when different substrate concentrations applied (Fig. 6B) . As can be seen, no further significant increase of initial reaction rate as the increase of substrate concentration is observed when substrate concentration is >0.2 M. This indicates that for the applied CAL A in the reaction mixture their active sites are saturated by the substrates at ≥0.2 M. This result also indicates that at 0.2 M Fig. 8 . Effects of organic solvents on the yield of ˇ-sitosteryl myristate. CAL A-catalyzed esterification of ˇ-sitosterol with myristic acid was performed in a 10 mL vial. The reaction conditions are: substrate concentration: 0.2 M ˇ-sitosterol, and 0.2 M myristic acid; 3 mL solvent (acetone, acetonitrile, butanone, n-hexane, n-heptane, chloroform, tert-butyl methyl ether (TBME) or toluene); CAL A load 5% (wt% of ˇ-sitosterol); magnetic agitation at 500 rpm; 50
• C and 72 h. Error bars represent the standard deviations of three separate determinations.
-sitosterol/myristic acid the 5% enzyme load is a proper dosage, or vice versa. However, with the reaction evolution the substrates even at higher concentrations are gradually consumed (Fig. 6B) , and the reactions reach a similar yield of ˇ-sitosteryl myristate (>90%) at 24 h (data not shown).
Effects of reaction temperatures on synthesis of ˇ-sitosteryl myristate
The solubility of substrates in solvent, thermostability and activity of the lipase are strongly associated with reactions temperature [40] . As depicted in Fig. 7 , regardless of incubation time CAL A shows a better catalytic activity over the range of 40-50 • C (P < 0.05) among the test range of temperature (30-60 • C), which is of a typical profile of thermostability of an enzyme. Lower conversion of -sitosterol at 30 • C is probably due to lower solubility of substrates and lower enzyme kinetics; while at 60 • C a slight decrease in the yield of ˇ-sitosterol most likely is because increasing deactivation at enhanced temperature. Depending on reaction, solvent environment, microbial sources and immobilization process [40, 41] , the optimal temperature of CAL A can be varied from 50 to 70 • C. In this application, at 50 • C CAL A exhibits preferable yield and thus determined as an optimal temperature.
Effects of solvent properties on synthesis of ˇ-sitosteryl myristate
In non-aqueous phase biocatalysis system, the enzyme activity can be largely influenced by the property of solvents (often correlated with its hydrophobicity) [35, 42] . Thus, the effect of organic solvents with a broad spectrum of log P values on the production of ˇ-sitosteryl ester catalyzed by CAL A was investigated and the results were depicted in Fig. 8 . In the increasing order of log P values [35] , the solvents tested are acetonitrile (−0.33), acetone (−0.23), butanone (0.29), tert-butyl methyl ether (TBME) (1.06), chloroform (2.0), toluene (2.5), n-hexane (3.5) and n-heptane (4.0). In general, solvent may influence enzyme activity in two ways [40, 42] : (1) determine the solubility of substrates thus affects availability of substrates for biocatalysis; (2) distort water activity available for maintaining enzyme activity. As a substrate ˇ-sitosterol has better solubility in lower log P solvents like acetonitrile, acetone, butanone, etc. [39] , therefore, the lower yield of ˇ-sitosteryl ester cannot be ascribed to their solubilities but their unfavorable properties to enzyme activity. In fact, the yield of ˇ-sitosteryl myristate has a pronounced correlation with the log P value of a solvent ( Fig. 8) , where the solvation interaction of solvent with water plays dominating role. Agreeing with the solvent-enzyme activity rule [35] , log P values of acetonitrile, acetone and butanone are <1.0, the yield of product is <3%; 1.0 < log P values of TBME and chloroform are ≤2.0, improved yield obtained; log P value of toluene is >2.0, the yield adds up to about 84%; and maximal yields achieved (92-96%) with the solvents (hexane and heptane) having log P values close to 4.0. Similar observations were also reported in other reaction systems [23, 27] . Actually, less toxic hexane as a process solvent is still allowed for food manufacture, which may represent another benefit.
Interestingly, the esterification in a solvent-free system also yields considerable product (Fig. 8) , which an obvious drawback is a slow reaction rate, for example, it takes 72 h to reach 56% yield. A further investigation may be of interest; however, it is beyond the focus of this work.
Conclusion
In conclusion, a series of ˇ-sitosteryl esters of saturated fatty acids have been synthesized via C. antarctica lipase A (CAL A) catalyzed esterification, and the structures of the products have been identified by FTIR and 1 H NMR. CAL A shows superior activity over other lipases in biocatalysis (6-14 fold). Using optimized conditions obtained with myristic acid as a model substrate, namely hexane as a solvent, 40-50 • C, 5-10% enzyme load, mole ratio of substrates 1:1, substrate concentration at 0.2-0.3 M and 24 h, 93-98% yield of phytosteryl esters can be expected. The reaction time can be further shortened to 6 h (>93% yield of ˇ-sitosteryl myristate) at a cost of high enzyme load. This work demonstrated promising potential of CAL A in bioprocess of phytosterols for value-added application.
